Abstract: An alternative interpretation of nanoindentation experimental data and the associated phenomenon of indentation size effect (ISE) is proposed on the basis of a simple gradient elasticity equation, used to account for the development of elastic gradients generated by the geometry characterizing the indenter-specimen system. An application is considered for marble, i.e. a construction/restoration material.
Introduction
This short report contains results on the use of gradient elasticity proposed by Aifantis [1] [2] [3] for providing an alternative method of modeling the nanoindentation test. The motivation for this was that elastic properties measured by nanoindentation tests should be calculated from the elastic part of load vs. depth data and be independent of the maximum indentation depth. This is in contrast to the semi-empirical method of Oliver and Pharr [4] commonly used for calculating elastic moduli and material hardness from the elastic unloading of nanoindentation force-depth data, leading to depth-dependent values for the hardness as well as the elastic modulus [the so-called indentation size effect (ISE)].
Methodology
First of all, the indentation test using conical indenters (Berkovich, Vickers) is thought of as a compression test with a complex geometry, as the load by the indenter tip is not actually applied to the sample in the vertical direction only, but to directions perpendicular to the faces of the indenter tip used (three in the case of Berkovich, four in the case of Vickers tip) having a radial symmetry.
It is thought that the aforementioned ISE is a byproduct of the geometry of the tip used in performing the nanoindentation measurements and not an actual mechanical property of the materials tested. It is also thought that if the effect of the tip geometry is extracted from the constitutive response, an "effective" compression can be obtained, from which the elastic properties can be calculated. Gradient elasticity [1] [2] [3] is proposed to be used in order for this "effective" compression to be attained.
The displacement field of the material under the indenter is dictated by the indenter's geometry and motion. Thus, in cylindrical coordinates for the case of a Berkovich tip, it is supposed to have the form 
The displacement field is depicted in Figure 1 , where the geometry of a Berkovich tip is seen.
The displacement field given by Eq. (1) corresponds to the following deformation tensor (in cylindrical coordinates)
and the Green strain tensor is calculated as 
Assuming classical elasticity, i.e.
with λ, μ being the Lamé constants, the σ zz component of the stress tensor is given by 
which for the assumption (r→z tan (65.03°), z→h), i.e. at the interface between the indenter and the material, is equal to 
If, instead of classical elasticity, we use gradient elasticity [1] [2] [3] of the form
where c is the so-called gradient coefficient, which in gradient elasticity is associated with the square of the internal length, then one can assume that σ = σ comp + cσ grad , where σ comp and σ grad denote the "effective compression" and "gradient correction" stresses, respectively. It should be noted here that the gradient correction term is the one thought to be coming from the effect of the geometry tip and acts as a correction to (is subtracted by) the calculated by indentation data stress in the z direction. In this case the gradient coefficient c is no longer related to a material internal length, but is considered to be associated with the geometry of the tip. Using the same assumption as before (r→z tan (65.03°), z→h) the gradient component of the stress in the z direction is given by 
meaning that it has the same form of dependence from the indentation depth h, as the stress calculated through the indentation measurements has. Thus, it can be used for "rendering" the effect of tip geometry. The main assumption is that the stress under the indenter is comprised by a depth-independent 0.07 24 0.07 -, 24
with L 2 being the area of load application in the "effective" compression. For the last equality of Eq. (10) to hold, the gradient coefficient c has the form
thus, the gradient coefficient c is now the square of a length that is non-constant, but a function of the loading P, the elastic constant λ, as well as the "effective" length L. This is logical, since the gradient term has to represent the evolving effect of tip geometry. It is noted that the above value is very close to the asymptotic value reported by Bandini et al. [5] for the case of marble specimens at large values of the indentation depth, as shown in Figure 3 . The authors there reported an indentation size effect on the modulus of elasticity ranging from E = 70 GPa for small indentation depths
The second assumption that is made is that the size L of the representative volume element of the "effective" compression is constant in the region where the depth h is linear to the applied load P. This value can be extracted from the experimental data, since it can be calculated by the increment of h used in the experiment. In addition, the P/h constant value is also extracted from the experimental data. Thus, the elasticity modulus is calculated as
3 Application on nanoindentation data of a marble sample Nanoindentation measurements have been performed on Dionysos' marble samples. A typical load-displacement curve is shown in Figure 2 . At the beginning of the experiment there is a regime where the load P as well as the indentation depth h are both linear with the time of the experiment, i.e. a linear relationship holds between them. The initial slope in Figure 2 gives P/h = 25,000. Assuming also that the constant area L 2 of the "effective compression" is equal to the area under the indenter tip when the tip moves by one step Δh (in the experiment performed on the marble specimen Δh this was equal to 125 nm), the following set of equations is used for calculating the specimen's modulus of elasticity through Eq. 12 (~100 nm) down to the asymptotic value E = 45 GPa for large indentation depths (~1.6 microns).
By using Eqs. (10)- (13) we were able to plot the "effective compression" stress-strain curve which is depicted in Figure 4 , with the slope of the red line in the initial (elastic) part being σ/ε = E = 46.6 GPa.
Application on macroindentation data of a marble sample
In addition to calculating the stress-strain response of the marble specimens from nanoindentation data, the formulation contained in Eqs. (10)-(13) was used for calculating the response of Dionysos marble specimens tested under macroindentation by Papamichos et al. [6] (2006). The experimental measurements from macroindentation on load vs. displacement, as well as the calculated stress vs. strain response are shown in Figure 5A and B, respectively. From Figure 5B it is seen that the slope for the marble specimens was 50 GPa, very close to the value predicted by nanoindentation, but the initial slope for one measurement (black line in Figure 5B ) was 26 GPa, a point that needs further consideration.
Discussion
It has been shown that gradient elasticity can be used for calculating the modulus of elasticity in marble specimens from the elastic loading part, instead of the semi-empirical method used commonly today by Oliver-Pharr that calculates the modulus of elasticity from the elastic unloading part for high values of the maximum indentation depth. 
